Abstract: For the study of dark adaptation at the entrance section of a tunnel, the effects of photopigments in rod cells and luminance can be disregarded because the luminance of this section is in the range of photopic vision.
Introduction
Tunnel safety is increasingly significant in the development of highways. Investigations and research have demonstrated that dramatic changes in the luminance of tunnel entrances can easily create a "black box effect" (short tunnel) or "black hole effect" (long tunnel) and induce traffic accidents. When drivers travel from bright to dark environments, a visual lag known as dark adaptation occurs [1] . The "black hole effect" is caused by the change in luminance, and the adaptation time reflects the dark adaptability of the human eye.
When human eyes move from light to dark environments, dark adaptation occurs, which is related to two factors. The first factor is that the pupil area becomes larger, increasing the amount of light entering the eyes, which allows the retina to receive enough light stimulation. The second factor is the photochemical reaction of the photopigments in photoreceptor cells. The photoreceptor cells include cone cells, which function under photopic vision, and rod cells, which operate under scotopic vision [2] , [3] . Both factors are a function of the luminance.
To reduce the impact of dark adaptation, many countries have clearly defined tunnel lighting specifications for tunnel entrance sections. However, due to the limitations of traditional tunnel lighting sources, most specifications currently have requirements regarding only the luminance and the uniformity of the luminance, including those from the EU [4] and CIE [5] , [6] . Correspondingly, the research regarding dark adaptation has mainly focused on the impact of luminance on pupil changes and reaction time. In 2013, Zhigang Du and others studied pupil area changes in tunnel entrances and exits through driving experiments. They obtained a power function relationship between the pupil area of the driver and the illuminance of the tunnel within 50 m of the entrance and exit, and they proposed a tunnel entrance and exit lighting formula based on visual adaptation [7] . In 2016, Ying Yu et al. analyzed the correlations between the light illuminance, the depth of the tunnel and the pupil area of the driver, and they recommended values for improving the ambient lighting of tunnels [8] . In 2017, Ji Weng and Feng Du et al. recorded reaction times and pupil changes when moving from a bright environment to a dark environment, and the effective dark adaptation time calculated by the data analysis was 19.8 s [9] .
In China, tunnel lighting standards are based on the Guidelines for Design of Lighting of Highway Tunnels JTG/T D70/2-01-2014 (Guidelines-2014 for short) [10] . Guidelines-2014 requires a luminance calculation method for the entrance section. For a specified tunnel, if the luminance outside the entrance, the vehicle speed, and the traffic flow are consistent, the method gives a clear required lighting luminance value that is independent of the type of lamp selected. That is, whichever lamp is used, the luminance difference between the inside and the outside of the tunnel is fixed, and the change in the pupil caused by the luminance difference is unchanged.
With the wide application of LED sources in tunnel lighting [11] - [13] , the impact of the light color characteristics of LEDs on the vision of human eyes is attracting increasing attention. In 2007, Manav B. studied office visual environmental assessment methods considering the correlated color temperature (CCT) and illuminance [14] . In 2015, Huaizhou Jin and Shangzhong Jin et al. studied the applicability of white LEDs with different CCTs to street lighting from the perspective of CCT, mesopic vision illuminance and dark adaptation, and phosphor-coated LEDs with lower CCTs (approximately 3000 K) were found to be more suitable for street lighting [15] . In 2016, Min Deng and Yanming Dai analyzed the impacts of the color rendering index and CCT on a driver's visual performance and believed that the higher the color rendering index of the light source, the better the visual performance. For light sources with similar spectral energy distributions, when the background luminance is the same, the shorter the waves, the better the visual performance [16] .
According to the aforementioned studies, light color characteristics can affect human visual performance. In this paper, based on tunnel LEDs with different CCTs, the effects of light color characteristics on human visual performance at a tunnel entrance were studied, and values for light color parameters for tunnel entrance lighting were recommended.
Mechanism Analysis of the Dark Adaptation
According to the Guidelines-2014, the luminance of the entrance section of a tunnel ranges from 15 cd/m 2 to 200 cd/m 2 . When drivers enter the tunnel, the luminance difference between the inside and the outside of the entrance is greater than the adjustment range of the human eye, and dark adaptation occurs [17] . Despite this difference, because the luminance of the entrance section is in the range of photopic vision, the conditions before and after dark adaptation are within the range of photopic vision. However, most studies on dark adaptation have focused on scotopic vision, which is a function of rod cells and does not apply to the entrance section [9] , [18] .
Three types of photoreceptor pigments in cone cells function under photopic vision, namely, blue light pigment with an absorption peak at 440 nm, green light pigment with a peak at 540 nm, and red light pigment with a peak at 570 nm [19] . The study of these photopigments is currently inconclusive, but cone cells are utilized to distinguish color. Different CCTs have different light color characteristics, and their effects on dark adaptation are also different. The better the light color characteristics, the greater the ability of the cone cells to distinguish colors and the shorter the dark adaptation time. Therefore, to study dark adaptation at the entrance section of a tunnel, the effects of the photopigments in rod cells and the luminance can be eliminated. In the field of photopic vision, the photopigments in cone cells are mainly affected by the spectrum, CCT and color rendering.
Light Color Characteristics of LEDs
The light color characteristics of LEDs mainly include the CCT, spectrum, and color rendering. The spectral composition determines the CCT and color rendering.
CCTs of LEDs
The CCT is one of the main parameters of an LED. The CCTs available on the market are between 2700 K and 7000 K. Seven CCTs (3000, 3500, 4000, 4500, 5000, 5700 and 6500 K) were chosen for this research. Table 1 shows the measured values of for LEDs with different CCTs under different luminances. Table 1 shows that at different luminances, the CCT floats, but the amount of float does not exceed 50 K.
LED Spectra
Currently, the high-power LEDs widely used for tunnel lighting are mainly based on blue light single chips with yttrium aluminum garnet (YAG) phosphors [20] , and adjusting the phosphor content result in different CCTs. The spectrum is characterized by a wide spectrum double-peak pattern [21] with a trough near 480 nm between the two peaks.
The absolute spectral power distributions (SPD) of LEDs with different CCTs are illustrated in Fig. 1 and were measured by a Konica-Minolta CS-2000 spectrophotometer. The SPD describes the radiation luminance of light at different wavelengths. All the SPD curves were generated under 20 cd/m 2 , and their ratios are constant under different luminances. In contrast with other light sources, the difference in the impact of LEDs on human visual performance is mainly due to the absence of blue light near 480 nm. The less blue light that is missing from the spectrum, the better the optical effects. To compare contents of blue light, the sums of the spectral power in the range of 465 nm-495 nm of LEDs with different CCTs were calculated and are shown in Fig. 2(a) . Fig. 2(a) shows that LEDs with a CCT of 4500 K have the lowest amount missing from this wavelength range.
The spectral deviation represents the degree of similarity between the spectra of LEDs with different CCTs and sunlight and is given as follows where S i (SPD) is the SPD of sunlight, L i (SPD) is the SPD of the LED, and S dev is the spectral deviation. Fig. 2(b) shows the spectral deviations of LEDs with different CCTs. Fig. 2(b) shows that the smallest spectral deviation occurs at a CCT of 4500 K.
Color Rendering of LEDs
Most studies have revealed that the color rendering index (CRI) has many deficiencies in evaluating the color rendering of LEDs. Therefore, the color quality scale (CQS) is used to represent the color rendering of LEDs [22] - [24] . Fig. 3 shows that the CQSs of LEDs with different CCTs including Q a , Q f and Q p . Q a indicate the color quality index. Q f and Q p represent the color fidelity and color preference, respectively.
In Fig. 3 , Q a , Q f and Q p of 4500 K are obviously higher than those for the other CCTs. Therefore, 4500 K provides the best color rendering.
The above analysis shows that among the high-power LEDs based on blue light single chips with YAG phosphors, those in the range of 4000 K-4500 K have the best light color characteristics. Therefore, for photopic vision, LEDs from 4000 K-4500 K present the shortest dark adaptation times.
Experimental Methodology
To study the impact of LED light color on dark adaptation and simulate an actual tunnel lighting environment, an experiment was carried out in a simulated tunnel with a height of 2.8 m, length of 9 m and width of 5 m. The adaptation time was selected as the research subject. The experiment used seven light sources with different CCTs that are currently on the market (3000, 3500, 4000, 4500, 5000, 5700 and 6500 K), three photopic luminance levels (40, 80 and 120 cd/m 2 ), and 126 lighting conditions. Sixty observers participated. Fig. 4 schematically illustrates the experimental set-up, which consists of a simulated sunlight source, an experimental LED, a dimming controller, a target E (of a size that normal vision can recognize), a timer and a mobile phone. The 6700 K LEDs were selected to simulate a sunlight source, with greater than 10,000 cd/m 2 . These LEDs were installed 2 m from the ground at a spacing of 0.5 m. The spectra of these LEDs differ from the solar spectrum, but the luminance is sufficient. Currently, no light source is available with a luminance and spectrum close to those of sunlight. The experimental LEDs included two each of 7 CCTs for 14 LEDs in total. The dimming controller was used to adjust the luminance to meet the experimental requirements. Target E was 2 m away from the observers. The dark adaptation time was measured by a timer with an accuracy of 1 ms. The mobile phone played noise to simulate background noise when entering the tunnel.
Experimental Setup
The experimental setting is shown in Fig. 5 . The set-up is implemented in a darkroom, avoiding interference from external luminance. 
Observers
Sixty Chinese observers were chosen for the experiment, including 3 age groups: 20-30, 30-40 and 40-50. All observers had normal visual or normal corrected visual acuity. None of the observers had night blindness, color blindness or other diseases affecting night vision functions.
Parameters
In total, 126 lighting conditions were evaluated in the experiment. Seven CCTs (3000, 3500, 4000, 4500, 5000, 5700, 6500 K), three photopic luminance levels for the experimental LEDs (40, 80 and 120 cd/m 2 ), three illumination angles (15°, 20°and 25°) and two mounting heights (2.0 m, 2.4 m) were applied. The luminance of the simulated sunlight source was constant at 5000 cd/m 2 . Based on the results from the Konica-Minolta CS-2000 spectrophotometer, the maximum absolute error between the measured CCT and the target CCT was 48 k, and the maximum absolute error between the measured luminance and the target luminance of the experimental LEDs was 1.6 cd/m 2 .
Procedure
To ensure an accurate depiction of a dark adaptation environment, all experiments were performed in a darkroom, and the ambient lighting was supplemented. First, the color vision of the observers was checked by the Ishihara test. Before beginning the experiment, each observer had to sit in the designated position for 5-10 minutes to fully adapt to the light environment. The experimenter explained the experimental operation method and turned on the phone. Second, after full vision adaptation, the experimenter gradually decreased the simulated sunlight and turned on the experimental LED. Meanwhile, the timer was started. When the observers correctly identified the direction of E, they pressed the timer to stop timing, and the experimenter recorded the dark adaptation time. Here, the direction of E randomly appeared. Finally, the experimenter changed the angle and height of the LEDs and used experimental LEDs with other CCTs to carry out further experiments. Fig. 6 shows the average dark adaptation times of all observers for different CCTs under different luminances. Fig. 6 shows that the dark adaptation time decreases with increasing luminance.
Results and Discussion
In addition to the effects of the luminance at the entrance section of the tunnel on dark adaptation, the CCT significantly affects dark adaptation. Fig. 6 also shows a decrease for lower CCTs (from 3000 to 4500 K) and an increase for higher CCTs (from 4500 to 6500 K). The dark adaptation time for the 4500 K LED is the shortest for each luminance. These experimental results also agree with the above theoretical results. Fig. 7 shows the dark adaptation times for different age groups. Clearly, the older observers have longer dark adaptation times and worse dark adaptation abilities. Fig. 7(b) shows that the two older groups (30-40, 40-50) have the lowest dark adaptation times at CCTs higher than 4500 K because dark adaptation is related to not only CCT but also age. Fig. 8 shows the dark adaptation time at different illumination angles, demonstrating that the illumination angle has little effect on dark adaptation.
Similarly, Fig. 9 shows that varying the installation height has little effect on dark adaptation.
Conclusion
In this paper, the mechanism of dark adaptation was analyzed, the light color characteristics of LEDs were described, and the impact of LED light color on the dark adaptation of human vision in tunnel entrances was investigated experimentally. First, the luminance of the entrance section of a tunnel is within the scope of photopic vision. The optical characteristics of the human eye are affected mainly by three types of photoreceptor pigments in cone cells. The better the light color characteristics, the better the cone cells can distinguish colors. Therefore, the impact of LED light color on dark adaptation is considered from the perspective of the color rendering, spectrum and CCT.
Then, the CCTs, spectra and color rendering of the LEDs were analyzed. The LEDs in the range from 4000 K-4500 K have the best color rendering and the lowest absence of blue light and are closest to sunlight spectrum.
Finally, an experiment to measure dark adaptation time of the human eye was conducted under different lighting conditions (7 CCTs, 3 luminances, 3 illumination angles and 2 mounting heights). The results showed that the dark adaptation time for the 4500 K LED is the shortest. The experiment results also agree with the above theoretical results.
From the perspective of dark adaptation at a tunnel entrance, according to the above research, the light color characteristics of LEDs significantly affect dark adaptation. LEDs in the range from 4000 K-4500 K are therefore recommended for lighting design and application in the entrance section of a tunnel.
